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Abstract— Though myocardial viscoelasticity is essential in
the evaluation of heart diastolic properties, it has never been
noninvasively measured in vivo. By the ultrasonic measurement
of the myocardial motion, we have already found that some
pulsive waves are spontaneously excited by aortic-valve closure
(AVC) time (T0) (IEEE UFFC-43(1996)791-810). Using a sparse
sector scan, in which the beam directions are restricted to about
16, the pulsive waves were measured almost simultaneously
at about 160 points set along the heart wall at a sufficiently
high frame rate (UMB 27(2001)752-768). The consecutive spatial
phase distributions clearly revealed wave propagation along the
heart wall for the first time (IEEE UFFC-51(2005)1931-1942).
The propagation time of the wave along the heart wall is very
small and cannot be measured by conventional equipment. Based
on this phenomenon, we developed a means to measure the
myocardial viscoelasticity in vivo. The phase velocity of the
wave is determined for each frequency component. By comparing
the dispersion of the phase velocity with the theoretical one of
the Lamb wave, which propagates along the viscoelastic plate
(heart wall) immersed in blood, the instantaneous viscoelasticity
is determined noninvasively (IEEE UFFC-51(2005)1931-1942). In
this study, the phase distribution obtained by the sparse scan was
interpolated, and then the spatial distribution of the propagation
speed (phase velocity) of the wave components propagating from
the base side to the apical side of the heart wall was obtained.
After confirming the principle with phantom study, the method
was applied to healthy subjects. The spatial distribution of the
propagation speed varies from 3 to 6 m/s for 60 Hz component.
The results show inhomogeneity and the region with high speed
corresponds to the high intensity region (fibrous region) in the
conventional B-mode image.
I. INTRODUCTION
For tissue characterization, shear waves are artificially ac-
tuated in tissues or phantoms to determine their propagation
speed and viscoelasticity [1]–[4]. However, spontaneously
actuated vibrations propagating in the heart wall, which differ
from electrically excited waves [5], have not been recognized
at all. This is understandable given that the actual wave which
propagates along the heart wall is minute, namely, only several
tenths of a millimeter, and that the delay time from the base to
the apex of the heart is very small, only several milliseconds.
Conventional ultrasonography, computer tomography (CT),
and magnetic resonant imaging (MRI) enable clinical visu-
alization of cross-sectional images of the human heart, but
their imaging is restricted to large motion (> 1 mm) and
low frequency components (< 30 Hz). The tissue Doppler
imaging (TDI) technique [6]–[11] enables determination of
motion distribution of the myocardium in real time. Even in
current measurement, however, the sampling frequency of the
motion of the heart wall is low (at most 200 Hz [11]), that is,
the sampling period is 5 ms, which is too long to detect the
propagation time of the wave.
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Fig. 1. In vivo measurement results for a healthy man at two points set
along an ultrasonic beam of 16 beams sparsely scanned along the septum.
Each waveform for six consecutive cardiac cycles was overlaid.
We have previously developed an ultrasound-based transtho-
racic method (phased tracking method) to directly measure the
heart wall vibrations [12]–[14]. RF pulses are transmitted from
an ultrasonic transducer at a pulse repetition interval ∆T , and
the reflected ultrasonic wave is received by the same transducer
and quadrature-demodulated. The time-domain complex cross-
correlation technique is applied to determine the phase shift
between the consecutively obtained resultant signals. The
phase shift corresponds to the displacement ∆x(t) during the
short-period ∆T and the average velocity v(t)=∆x(t)/∆T
during that period. By accumulating the instantaneous dis-
placement ∆x(t), the large motion x(t) due to the heartbeat
is tracked over one heartbeat, and at the same time, the
minute vibration v(t) superimposed on the large motion is
obtained as a waveform. For this measurement, the sampling
frequency (the time resolution) is increased from the 30 Hz in
conventional echocardiography to 450 Hz to avoid aliasing. To
realize this, the number of directions in which the ultrasonic
beams are transmitted is greatly decreased from 240 to 16.
We found that there is a steep dip in the pulse which occurs
exactly at the time of AVC (T0) [15], [16] as shown in Fig.
1. This notch has been also measured by the TDI approach to
determine the time of AVC (T0) [17].
The use of the sparse sector scan [15] has allowed us to
simultaneously measure heart-wall motion at 160 points at a
sufficiently high frame rate to obtain the spatial distribution of
the phase for the dominant frequency component of the heart
wall vibration as shown in Fig. 2. From consecutively obtained
spatial distributions of the phase value of the vibration wave,
our study [18] has revealed for the first time that the steep
dip of the notch pulse propagates along the interventricular
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Fig. 2. Spatial distribution of color-coded phase values for 60-Hz component
of the wavelets at a time of aortic valve closure without interpolation.
septum (IVS) from the base to the apex, and its phase velocity
is determined. Recently, using MRI approach, the propagation
of such spontaneously actuated pulse due to the AVC was
visualized by French group [19].
By analyzing various frequency components up to 90 Hz,
the propagation speed shows the frequency dispersion. We
have shown that this dispersion characteristic agrees with
the theoretical one of the Lamb wave which propagates in
the viscoelastic plate immersed in fluid [18]. By introduc-
ing the single Voigt model into the equation of the Lamb
wave and fitting the derived theoretical phase velocity to the
measured dispersion, the myocardial viscoelastic properties
are determined noninvasively for the first time [18]. In the
almost all of the previous estimation method of the viscoelastic
properties, the viscoelastic properties were determined by the
relationship between the applied force and the caused strain.
In this method, however, the viscoelastic properties can be
noninvasively estimated without measuring the force and stain
(spatial differentiation of the displacement).
In this paper, the propagation speed of the pulsive wave was
estimated so that its the spatial distribution can be visualized.
The proposed method was applied to the phantom and the
principle was experimentally confirmed and the propagation
speed was spatially homogeneous in the phantom wall. When
the method was applied to the human heart walls, however,
it was found that the propagation speed is not homogeneous
even in the healthy subjects, and that the spatial variation
in the propagation speed has a close relationship with the
regional elasticity of the heart wall. Thus, this method would
be effective to reveal the diseased regions of the patients.
II. PRINCIPLE
A. Increase of the Spatial Resolution in Spatial Distribution
of the Phase of the Vibration
Based on the method developed in [15], a spatial distribution
θ(r, φ; t) of the instantaneous phase of the pulsive wave is
obtained as shown in Fig. 2, where r and φ denote the radius
and the beam direction of the point, respectively. In Fig. 2,
the velocity signals as shown in Fig. 1 were measured at the
multiple points set along each ultrasonic beam. Though the
ultrasonic beams were scanned sparsely in 11 directions so
that the aliasing does not occur and the time resolution is
increased, the spatial distribution is coarse as shown in Fig. 2.
Thus, it is necessary to increase the spatial resolution. Since
the wavelength λ of the propagating pulse wave is about 100
mm for 60 Hz and the phase varies smoothly, the spatial
smoothing can be applied to the phase distribution θ(r, φ; t)
and the interpolated phase distribution θ′(r, φ; t) is given by
θ′(r, φ; t)
= − Eδr,δφ
[
w(δr, δφ) exp{−jθ(r + δr, φ + δφ; t)}
]
, (1)
E[·] is the two-dimensional spatial smoothing operation, and
w(δr, δφ) is a two-dimensional Hanning window. The smooth-
ing size δr along each ultrasonic beam (in depth direction)
is set about ±1.5 mm and the smoothing size δφ in lateral
direction is set as ±1 beams in this study.
B. Determination of Instantaneous Speed of the Vibration and
Its Spatial Distribution
Based on the definition of the phase velocity, the two
spatial distributions θ′(r, φ; t − ∆T ) and θ′(r, φ; t) of the
phase, which are obtained at the time interval of ∆T , are
compared by the following complex cross-correlation function
R(∆r,∆φ; r, φ; t).
R(∆r,∆φ; r, φ; t) =
Eδr,δφ
[
exp{−jθ′(r + ∆r + δr, φ + ∆φ + δφ; t−∆T )}
× exp{+jθ′(r + δr, φ + δφ; t)}
]
, (2)
where E[·] is the two-dimensional averaging operation and
(∆r,∆φ) is the two-dimensional dislocation of the vibra-
tion during ∆T . By selecting (∆r,∆φ) by which the an-
gle  R(∆r,∆φ; r, φ; t) becomes zero, the phase velocity
at the point (r, φ) in the heart wall at a time t is given
by c(r, φ; t) = {length of (∆r,∆φ)}/∆T . Thus, the spatial
distribution c(r, φ; t) of the instantaneous speed of the pulsive
wave is determined.
Fig. 3. The spherical shell made of soft silicone rubber set in a water tank.
III. PHANTOM STUDY
The principle of the proposed method is confirmed by
applying it to the spherical shell made of soft silicone rubber
(GE Toshiba YE5623H, density is 1.00×106 kg/m3, acoustic
speed is about 960 m/s) as a human heart model. The spherical
shell set in a water tank is shown in Fig. 3. The outer and
inner diameters of the shell are about 121.5 mm and 96.5 mm,
respectively, and then the thickness of the wall is about 12.5
mm. The shell was set in a water tank and actuated by pulsive
wave with a metal beam as shown in Fig. 3. The electrical
rectangular voltage wave (repetition interval is 2 seconds and
the pulse width is about 400 ms) was passed through a low-
pass filter (cut-off frequency is 150 Hz) and then input into a
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small actuator (Bru¨el & Kjær 4810). The metal beam attached
to the surface of the shell was actuated by the actuator. Only
for the period including the leading edge of the pulse, the
proposed method was applied below.
Figure 4 shows the conventional cross-sectional image of
the silicone spherical shell set as shown in Fig. 3. The right-
most point of the surface of the shell was actuated by the beam.
Figure 5 shows the spatial phase distributions {θ′(r, φ; t)} of
60 Hz component after phase smoothing. Around the actuation
time (T0), the spatial distributions {θ′(r, φ; t)} are shown
consecutively at 2.496 ms interval. From the actuation point,
the pulse vibration propagates to the left side.
Fig. 4. The conventional cross-sectional image of the silicone spherical shell
set as shown in Fig. 3.
(1) (2)
Fig. 5. Spatial distributions {θ′(r, φ; t)} of color-coded phase values
obtained by the spatial smoothing in the phantom study. (1) and (2) were
obtained consecutively with a time interval of about 2 ms (for 60-Hz
component).
Regarding the phase distributions {θ′(r, φ; t)} in Fig. 5, Fig.
6 shows the spatial distributions c(r, φ; t) of the regional phase
velocity of 60 Hz component. The spatial distribution c(r, φ; t)
of the phase velocity of each time was almost homogeneous.
However, the phase velocity gradually decreased in this period
of 20 ms.
Fig. 6. The spatial distributions c(r, φ; t) of the regional phase velocity of
60 Hz component in the phantom study.
Figure 7 shows the propagation speed for each frequency
and for each time. The propagation speed was obtained
by averaging the phase velocity values {c(r, φ0; t)} along
center ultrasonic beam φ0. There are frequency dispersion
characteristics in the frequency range from 18 to 75 Hz
and the propagation speed rapidly decreased in all frequency
components in this short period of about 20 ms.
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Fig. 7. The propagation speed for each frequency and for each time just
after the actuation in the phantom study.
In the previous study [18], we proposed a method to
estimate the elasticity and viscosity by assuming that the Lamb
wave propagates along the viscoelastic plate immersed in
water. By introducing the single Voigt model into the equation
of the Lamb wave and fitting the derived theoretical phase
velocity to the measured dispersion in Fig. 7, the viscoelastic
properties of the silicone shell were determined. At a time of
T0+16 ms, the minimum of the fitting error was achieved (0.12
m/s). The fitting result is shown by a solid line in Fig. 8. The
estimated elasticity and the viscosity are 36 kPa and 101 Pa·s,
respectively, for 60 Hz and they are close to those obtained
by mechanical test (elasticity: 48 kPa, viscosity: 100 Pa·s). At
the time of T0+16 ms, the obtained phase velocity was almost
spatially homogeneous in the wall (3.5 ± 0.57 m/s for 60Hz
component).
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Fig. 8. The fitting result (solid line) and the propagation speed (plus)
measured for each frequency and for each time just after the actuation in
the phantom study.
IV. IN VIVO EXPERIMENTAL RESULTS
For the original spatial distribution θ(r, φ; t) of the in-
stantaneous phase of the pulsive wave in Fig. 2, the spatial
smoothing in Eq. (1) was applied to the phase distribution
θ(r, φ; t) and Figure 9 shows the results of the interpolated
phase distribution θ′(r, φ; t). Spatially minute change in phase
is clearly visualized.
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(1) (2)
Fig. 9. Spatial distribution θ′(r, φ; t) of color-coded phase values obtained
by the spatial smoothing. (1) and (2) were obtained consecutively with a time
interval of 1.83 ms and Fig. (2) corresponds to that θ(r, φ; t) in Fig. 2 (for
60-Hz component, at a time of AVC).
Based on the two-dimensional correlation function in Eq.
(2) between the phase distributions θ(r, φ; t) in Fig. 9(1) and
θ(r, φ; t + ∆T ) in Fig. 9(2), the obtained spatial distribution
c(r, φ; t) of the instantaneous speed of the pulsive wave is
shown in Fig. 10. The spatial distribution of the phase velocity
is not homogeneous. The region which has larger phase
velocity in the IVS corresponds to the white region (fibrous
region) in the conventional cross-sectional image.
Fig. 10. left: Spatial distribution of instantaneous phase velocity c(r, φ; t)
obtained from Figs. 9(1) and 9(2) (for 60-Hz component, at a time of AVC).
right: B-mode cross-sectional image for the data.
The method was further applied to 10 healthy subjects and
the propagations of the pulsive waves were clearly visible in
all subjects both in the longitudinal-axis and apical views. In
the short-axis view, the detected waves propagated from the
base to the posterior wall. Thus, the pulse wave propagated
radially from the root of the aortic valve to the apex in the
posterior wall across the interventricular septum, and some
waves reflected at the apex.
Using the proposed method, the spatial distributions
{c(r, φ; t)} of the regional phase velocity for 60 Hz component
are obtained for these 2 healthy subjects as shown in Fig.
11. The propagation speed changes from 3 to 6 m/s. The
results show inhomogeneity and the region with high speed
corresponds to the high intensity region (fibrous region) in the
conventional B-mode image.
Fig. 11. The spatial distributions {c(r, φ; t)} of the regional phase velocity
for 60 Hz component obtained for other 2 healthy subjects.
V. CONCLUSIONS
We measured rapid and minute vibrations simultaneously at
multiple points in the interventricular septum. Clear propaga-
tion of the pulsive wave along the interventricular septum was
recognized. This method offers potential for in vivo imaging
of the spatial distribution of the passive mechanical properties
of the myocardium during the beginning of the isovolumic
relaxation period, which would enable direct assessment of
diastolic properties based on myocardial relaxation in heart
failure.
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